Introduction Pregnant women with polycystic ovarian syndrome (PCOS) have high risk of pregnancy loss. Pathophysiological mechanisms appear to be associated with obesity, hormonal factors, or blood clotting disorders. Our aim is to perform a systematic review and meta-analysis on the relationship between coagulation disorders and risk of recurrent miscarriage (RM) in patients with PCOS and to identify coagulation biomarkers for this condition.
Introduction
Polycystic ovarian syndrome (PCOS), also known as polycystic ovarian disease and Stein-Leventhal syndrome, was first described in 1935 by Irving Stein and Michael Leventhal in an article published in the American Journal of Obstetrics and Gynecology entitled "Amenorrhea associated with polycystic ovaries". In the original publication, the authors described a series of cases in which seven patients had enlarged ovaries (diagnosed by transabdominal pneumonography) associated with menstrual changes, infertility, pain, or hyperandrogenism. The patients also presented with obesity (three patients), hirsutism (five patients), and acne (one patient) [1, 2] . In 1939, the gestational outcomes of these seven patients were published: five patients became pregnant after surgery, one patient had a male factor present, and one was lost during follow-up after 11 months [3] .
PCOS is the most common endocrine disorder in women of reproductive age. Its prevalence is variable, depending on the ethnic group and diagnostic criteria, and occurs in around 5 to 16 % of women in reproductive phase of life [4] . Prevalence is higher among the following groups: 1. infertile and oligomenorrhagic women; 2. obese with or without insulin resistance; 3. history of type 1, type 2, or gestational diabetes; 4. history of premature adrenarche; 5. first-degree relatives with PCOS; and 6. use of anti-epileptic drugs [4, 5] .
PCOS is not only related to gynecological disorders (infertility and menstrual irregularity), as initially described by Stein and Leventhal, but is also associated with other pathologies such as cardiovascular disease, metabolic syndrome, obesity, type 1 and 2 diabetes mellitus, gestational diabetes, nonalcoholic steatohepatitis, obstructive sleep apnea, endometrial cancer, anxiety, depression, and eating disorders [6] [7] [8] . The relationship between PCOS and obstetric complications, neonatal outcome, and adult life after gestation in a mother with PCOS is not well understood [6, 7] . Recurrent miscarriage (RM) is defined as two or more pregnancy losses before 20 weeks of gestation [9] . The incidence of RM ranges from 0.5 to 2.3 %, and may vary due to different definitions and different methodologies used in the statistical calculation. However, an increase in the incidence of recurrent miscarriage has been observed [10] . Genetic alterations, uterine anatomical changes, hormonal disorders, and antiphospholipid syndrome (APS) are responsible for around half of the cases of RM, and the other half still remains without a clear diagnosis [11] . While the association between PCOS and RM is described in the literature, the mechanisms involved are not well defined [12 -14] . PCOS carriers have metabolic, endocrine (insulin resistance, dyslipidemia, obesity, chronic inflammation), and coagulation disorders that may be related to pregnancy loss [6, 15 -17] .
Since the late 1970s, when the relationship between APS and pregnancy loss was first described, studies have evaluated the relationship between blood coagulation and gestational pathologies. It is believed that thromboembolic events at the site of implantation and the placental bed provide the basis for the pathophysiology of pregnancy losses and other obstetric complications, such as preeclampsia, fetal growth restriction, fetal death, and preterm delivery [18, 19] . The relationship between APS and RM is well established in the literature [20] . However, the relationship between hereditary thrombophilias and other thrombophilic disorders with RM remains unclear [21] .
The aim of this systematic review and meta-analysis was to identify biomarkers of coagulation disorders in women with RM and history of PCOS, highlighting the possible pathophysiological mechanisms involved and the possible interventions that may reduce the risk of gestational loss in these patients.
Methods
This systematic review was performed using Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [22] . PubMed and MEDLINE databases were searched for publications available up to and including October 2018. The search terms die war es, eine systematische Übersicht und eine Metaanalyse über die Beziehungen zwischen Gerinnungsstörungen und dem Risiko wiederholter Fehlgeburten (RM) bei Patientinnen mit PCOS durchzuführen und die Koagulationsbiomarker für diesen Zustand zu identifizieren.
Material und Methode Die Datenbanken von PubMed und
MEDLINE wurden nach englischsprachigen Publikationen zu diesem Thema durchsucht. Die hierfür verwendeten Suchbegriffe waren "RM", "polycystic ovary syndrome" (polyzystisches Ovarsyndrom), "coagulation disorders" (Koagulationsstörungen) sowie "thrombophilia" (Thrombophilie). Die Odds Ratios (ORs) und 95 %-Konfidenzintervalle (KIs) für Fehlgeburten wurden für die verschiedenen RM-Gruppen (mit und ohne PCOS) berechnet.
Ergebnisse Insgesamt wurden 575 Artikel mit diesen Suchbegriffen identifiziert. Sechs Studien wurden für die qualita-tive Analyse und 5 für die quantitative Analyse (Metaanalyse) herangezogen. Wir fanden keine Beziehung zwischen RM und einer vererbten Thrombophilie in Patientinnen mit PCOS: (1) Faktor-V-Leiden (OR, 0,74; 95 %-KI, 0,38-1,45; p = 0,38); (2) C677T-Methylen-Tetrahydrofolat-Reduktase-Polymorphismus (MTHFR) (OR, 1,01; 95 %-KI, 0,64-1,59; p = 0,97), und (3) A1297C-MTHFR-Polymorphismus (OR, 1,08; 95 %-KI, 0,62-1,89; p = 0,77). Es wurden andere potenzielle Biomarker ausgemacht mit einem Schwerpunkt auf den Plasminogen-Aktivator-Hemmer Typ 1.
Schlussfolgerung Die aus der aktuellen Literatur entnommenen Daten zeigten, dass es keine Assoziation zwischen RM und einer vererbten Thrombophilie bei Patientinnen mit PCOS gibt. RM-Patientinnen mit PCOS haben ein höheres Risiko für thromboembolische Ereignisse.
used were "RM", "polycystic ovary syndrome", "coagulation disorders", and "thrombophilia".
Data extraction was performed by two reviewers. The title and abstracts of the articles identified in the initial search were independently evaluated according to the following inclusion criteria: type of study, population (women with a history of recurrent miscarriage and PCOS), risk factor assessment (coagulation disorder), and primary outcome (miscarriage). Articles were limited to studies using humans and published in English. Studies investigating physiopathological mechanisms were also evaluated and discussed.
Available data were imported into Review Manager, version 5.3.5 (The Cochrane Collaboration), for quantitative analysis.
Results

Identified and selected studies
Five hundred seventy five publications related to the search terms were identified. All animal studies and systematic review were excluded, and included only six studies that evaluated biomarkers of coagulation disorders in patients with RM and history PCOS (▶ Fig. 1 ). These six studies evaluated a total of 392 patients with RM and PCOS. Details of the studies included in the statistical analysis and discussion are described in ▶ Table 1 . No prospective or intervention studies were identified. The six studies selected were observational case-control studies. The studies were conducted in different countries, including Iran (three studies), the United States (one study), Germany (one study), and Poland (one study), and were published in the period from 2003 to 2016 [23 -28] .
The majority of studies were selected cases of RM using a history of three or more spontaneous pregnancy losses at less than 20 weeks of gestation [23 -26] . Only the two most recent studies considered RM as the antecedent of two or more pregnancy losses at less than 20 weeks [27, 28] . Most studies used the Rotterdam criteria for PCOS diagnosis [24 -28] , and only one study [23] used the National Institutes of Health (NIH) criteria.
Coagulation biomarkers
The first study to evaluate the relationship between coagulation disorders in patients with RM and history of PCOS was published by Glueck el al. [23] . They observed a higher prevalence of Factor V Leiden (FVL) in patients diagnosed with RM and PCOS compared with the normal control group, but this was not more prevalent compared with the RM group without PCOS. The authors also observed a reduction in the fibrinolytic activity of patients with RM and PCOS, through high activity of the plasminogen activated in-Articles identified by search "recurrent miscarriage" versus "polycystic ovarian syndrome" (n = 80) Identification Screening Eligibility Included Articles identified by search "recurrent miscarriage" versus "thrombophilia" (n = 466)
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Excluded articles (n = 569)
hibitor (PAI-Fx) compared with the RM group without PCOS (p = 0.0363) and the normal control group (p = 0.0039). Age and body mass index among the RM groups (with or without PCOS) were similar, showing that fibrinolysis changes were independent of obesity [23] .
Idali et al. [24] observed a higher prevalence of hereditary thrombophilias (A1298C methylenetetrahydrofolate reductase polymorphism [MTHFR A1298C] and PAI-1 4 G/5 G) in patients with a history of RM (with or without PCOS) compared with con-▶ RM was defined as a history of three or more spontaneous pregnancy losses at less than 20 weeks of gestation [23 -26] . RM was defined as the antecedent of two or more pregnancy losses at less than 20 weeks. [27, 28] trols. However, the prevalence of these thrombophilias was similar compared with patients with RM with and without PCOS. Moini et al. [25] compared the prevalence of the following thrombophilias in groups of RM patients with and without PCOS: protein C deficiency, protein S deficiency, antithrombin deficiency, FVL, hyperhomocysteinemia, and APS. They identified at least one clotting disorder in 70.7 % (65/92) of women with RM and PCOS compared with 47.8 % (44/92) of patients with RM without PCOS (p = 0.002). Protein C deficiency was the only thrombophilia that showed a higher prevalence in patients with RM and PCOS (21.7 vs. 10.9 %, p = 0.04).
Kazerooni et al. [26] identified high levels of total testosterone, hyperhomocysteinemia, insulin resistance, increased PAI activity, and resistance to activated protein C in women with RM and PCOS compared with women with RM without PCOS and the control group. Among the evaluated thrombophilias, the authors observed a relationship between FVL and RM, independent of the group (with or without PCOS). There was no significant difference between the groups regarding levels of protein C, protein S, and antithrombin.
The relationships between MTHFR polymorphisms (A1298C and C677T) and annexin A5 (M2/ANXA5) and RM in PCOS patients were evaluated by Szafarowska et al. [28] and Rogenhofer et al. [27] . MTHFR polymorphisms appeared to be unrelated to pregnancy loss in the group of PCOS patients, whereas M2/ANXA5 appeared to be an independent risk factor for pregnancy loss in PCOS patients.
Among the six studies that evaluated coagulation disorder biomarkers in patients with RM diagnosed with PCOS, it was only possible to use genetic biomarker (hereditary thrombophilias) data from five studies for statistical analysis. Rogenhofer et al. [27] were not included in the statistic analysis because it was the only study that evaluated M2/ANXA5. No statistical significance was found in relation to FVL (▶ Fig. 2 a) [23, 25, 26] and MTHFR polymorphisms (A1298C and C677T) (▶ Fig. 2 b and c) in RM patients with PCOS compared with patients with RM without PCOS [24, 26, 28] .
Discussion
PCOS is an endocrine condition initially described as a gynecological disorder associated with menstrual irregularity due to chronic anovulation and enlarged ovaries with the presence of multiple small cysts. PCOS has attracted much interest from researchers due to its reproductive and metabolic repercussions (glucose intolerance, obesity, diabetes, hypertension, metabolic syndrome, and cancer). Studies have shown that women with PCOS are at increased risk of changes to blood clotting via mechanisms that remain poorly understood [2, 15, 17] . It is possible that the metabolic alterations observed in these patients are involved in the pathophysiology of coagulation disorders, including obesity, chronic inflammatory process, excess androgen hormones, dyslipidemia, and insulin resistance [15] .
Over the last decades, studies have described anomalies in blood coagulation in patients with PCOS, demonstrating an imbalance between the thrombogenic and antithrombogenic components of the coagulation system. Higher platelet number, higher mean platelet volume, platelet activation, higher levels of von Willebrand factor, elevated PAI-1, elevated asymmetric dimethyl-Larginine, elevated levels of D-higher tissue factor, faster thrombin generation, protein C deficiency, and lower levels of plasminogen activity are some of the changes seen in coagulation components in non-pregnant patients diagnosed with PCOS [15] .
Physiologically, gestation is a prothrombotic state, which becomes more pronounced closer to term. Conditions other than pregnancy may also increase the risk of thromboembolic events in the gestational period. Shan et al. studied pregnant women with or without PCOS during the first trimester of pregnancy and observed that pregnant women with a previous diagnosis of PCOS had a higher procoagulant state due to a higher concentration of activated clotting factors VIII and activated X [29] .
The possible relationship between thromboembolic events and RM, such as those observed in the pathophysiology of APS, has prompted studies investigating the relationship between thrombophilic (inherited or acquired) state and pregnancy loss. The current evidence does not allow the inclusion of inherited thrombophilias in the list of etiologies of RM, although several authors have shown a higher prevalence of some hereditary thrombophilias in patients with a history of RM. Recently, studies have demonstrated a higher prevalence of PAI-1 4 G/5 G mutations, MTHFR polymorphisms (A1298C and C677T), factor VII polymorphisms, FVL, and prothrombin allelic polymorphisms (A20210G) among populations of women with a history of RM [18, 30 -32] .
Currently, the international guidelines from reproductive medicine societies who guide the management of RM couples only recommend APS investigation, and discourage screening of inherited thrombophilias or other biomarkers of coagulation disorders [33 -36] . The existence of a possible association between inherited thrombophilias and RM has led to intervention studies using heparin (non-fractionated and low molecular weight) associated or not associated with platelet anti-aggregating agents. However, these studies have not been able to reduce the risk of pregnancy loss in these patients [37] . Also, the current international guidelines for management of patients with a history of RM do not outline specific recommendations for women diagnosed with PCOS (RM and PCOS) [33 -36] .
Some authors argue that there is a higher prevalence of inherited thrombophilias in patients with RM and PCOS. They believe that the lack of evidence for a relationship between RM and inherited thrombophilias is due to studies that include all women with RM. Selecting one specific group of these patients may lead to identification of strong evidence of this relationship. However, despite a small number of studies and patients, the present metaanalysis of the reviewed literature corroborates the evidence that there is no relation between inherited thrombophilias and all patients with RM, even in this specific group of patients with PCOS.
Data available in the current literature on women with no established obstetric history suggest a strong relationship of PCOS with increased platelet aggregation and reduced plasma fibrinolytic activity. Elevated platelet numbers and PAI-1 levels, and alteration of other coagulation inhibitors represent some biomarkers in patients with PCOS [15] .
Among the reviewed studies, PAI is a biomarker that requires more attention. PAI is a factor of the fibrinolytic system that plays relevant roles in hemostatic balance, tissue remodeling, angiogenesis, and reproduction [38] . Gris et al. described high levels of PAI-1 in RM patients compared with healthy pregnant women [39] . Studies of women with PCOS with no established obstetric history revealed a relationship between insulin resistance and increased activity of PAI, corroborating the findings of Kazerooni et al. in a group of patients with RM and PCOS [26, 40, 41] .
In women with PCOS, PAI was also associated with a greater inflammatory process that is also involved in the etiology of RM [41] . Koiou et al. [40] believe that the highest activity of PAI in PCOS patients is dependent on patient body weight, which is elevated in patients with PCOS and obesity. However, Shan et al. [29] and Glueck et al. [23] reported that elevated PAI activity occurs regardless of the patientʼs body weight. Recently, reproductive medicine associations published guidelines for the management of PCOS patients. The basic recommendation for these patients includes diet control and physical activity [6] . Furthermore, they showed that metformin improves gestational outcomes in these patients [6] . Some intervention studies in patients with PCOS with no established obstetric history have shown a beneficial effect of metformin use on coagulation biomarkes [42, 43] . Burchall et al. [42] observed a decrease in PAI activity in a group of patients with PCOS treated with metformin.
Other PCOS therapeutic options have shown a beneficial effect on gestational outcomes in PCOS patients. The use of liraglutide, a long-acting glucagon-like peptide-1 (GLP-1) analog, in patients with PCOS revealed improved results in cycles of in vitro fertilization and coagulation disorders [43 -45] . PCOS patients undergoing bariatric surgery typically present better metabolic control and improved inflammatory status [46, 47] .
The limitation of this systematic review and meta-analysis is the reduced number of previous publications about this topic. Due to few published studies it was not possible to analyze different biomarkers in this population. To our surprise, this is the first review showing an association between PCOS, recurrent miscarriage, and coagulation disorders. The strength of this present study was to identify possible coagulation biomarkers in recurrent miscarriage patients with PCOS.
The present systematic review reveals that patients with RM and PCOS deserve a differential approach during the evaluation and follow-up during the perigestational period. These patients have a high thromboembolic risk compared with other RM patients. Currently, the small number of available studies did not observe the relationship between inherited thrombophilias and RM patients with PCOS; however, it is not yet possible to rule out this association completely. Procoagulant anomalies are due to PCOS metabolic aberrations. Clinical studies are required to investigate possible biomarkers of clotting disorders in patients with RM and PCOS. It is also important to propose intervention studies with drugs to reduce insulin resistance, such as metformin, GLP-1 analogs, sodium-glucose cotransporter-2 inhibitors, and dipeptidyl peptidase-4 inhibitors, either associated or not associated with anticoagulant therapies.
